We study how the propagation of light inside recently developed micro-structured cells, can be actively tuned by polarising the nanoscale defects in the nematic liquid crystals they contain. Our 'planar-spherical' cells are formed by assembling a planar and a gold-coated hemispherical micro-mirror. Optical reflection images of the back-reflected polarised light show a remarkable change of symmetry as a function of the voltage applied to the cell. Theoretical models of the alignment of the liquid crystal within the cell indicate that the constraints imposed on the liquid crystal by the cell geometry and by the applied electric field induces the formation of defects. Their motion under the effect of the applied electric field is responsible for the change of symmetry of the back-reflected light. Furthermore, experimental measurements of the relaxation time of the back-reflected intensity indicate that the motion of the defect in our micro-structured cells is much faster than in equivalent planar cells.
.
Introduction
Ordering in nematic liquid crystals (LCs) has been subject to intensive research for now many years [1] . Two main configurations have been the focus of most effort: planar cells and polymerdispersed liquid crystals (PDLCs). In the former, the liquid crystal is sandwiched between two plane surfaces. Electrical and optical functionality is achieved through torques on the molecules, which in turn resist through elastic forces and molecular anchoring at the interfaces ( Fig. 1(a) ). In the latter, birefringent spherical droplets of liquid crystal are included in a polymer matrix and contain defects that can be switched between several configurations ( Fig. 1(b) ,(c)) [2, 3] . The type of defect, generally, depends on the size and shape of the droplets. The switching characteristics of PDLCs can be modified mainly through changes in the surface anchoring energy and the inter-molecular interactions [4, 5, 6] . The complex variety of behaviors [7] that surface anchoring or boundary conditions impose on the liquid crystals is not only evident in individual PDLC spheres or hexagonal droplets [8] , but also in large, cylindrical, polymer cavities [9] and infiltrated opals [10] . 
The planar-spherical cell
In this paper we introduce an alternative and widely-configurable route to control liquid crystalline order. A 3D micro-scale architecture, the planar-spherical cell, is harnessed to influence the formation and dynamics of point defects. The resulting systems can be continuously tuned all the way from planar cells (typical of nematic display devices) to spherical voids (typical of polymer-dispersed liquid crystal devices). A model based on Landau-de Gennes theory shows that the constrained geometry can induce the formation of defects and that these can be altered and moved by an applied electric field. We confirm such behavior experimentally using specially micro-structured liquid crystal cells. Our experiments demonstrate that micron-scale spherical dishes display dynamically-controlled birefringence in their reflectivity. Such control of the molecular order using micro-and, eventually, nano-geometries opens an exciting prospect for a wide range of molecular functionality.
Our approach is to devise 3D microscale geometries which systematically morph from flat into spherical cavities ( Fig. 1(d) -(f)). Using our recently developed micro-templating technology, spherical mirrors with radius of curvature from 100nm to 100µm can be produced [18] . This method is based on self-assembly of polyester microspheres on a gold substrate followed by electrochemical deposition of gold around them to any desired thickness [19] . Highly reflective metallic micromirrors with selectable aperture diameters D can be achieved by controlling the electrochemical deposition parameters. We have used spheres of diameter a = 5 µm, although 10µm diameter give similar results, to prepare the micromirrors with graded thickness ranging from 0.2a to almost a closed sphere (Fig. 2(a)-(d) ).
Modeling the director field in a planar-spherical cell
In order to understand the effect of the electro-optic response on pre-aligned LCs inside the micromirror we have developed a model that gives the alignment tensor of the LCs in three dimensions coupled with an electrostatic field. We represent the LC director field in the cavity using a 3 × 3 traceless symmetric tensor Q. This field may be defined in terms of the unit vector n that describes the average orientation of the liquid crystal molecules as [20]
where Q i j is the (i j)-th component of Q and S is the scalar order parameter of the director field. The equilibrium configuration of Q is the minimum of a Landau-de Gennes free energy [21] that can be written in non-dimensional notation as [22]
Here ξ 0 is a diffusion length whose square is the scaling unit of the bending energy, ϑ is a temperature (ϑ = 0 at the pseudo-critical point and ϑ = 1 at the clearing point) that measures the bulk energy of the nematic phase, χ a is the electro-static coupling constant and E ≡ E ⊗ E, where E is the electrostatic field applied to the cavity. We have solved the dynamical equations that lead to the minimum of the free energy (2) in a given electrostatic field using the method of Ref.
[20] coupled with a finite element Crank-Nicolson method based partially on the Felib library [23] .
The liquid crystals are assumed to remain rigidly aligned at the boundaries. The electric field is solved exactly inside the non-planar geometry, but is assumed to remain independent of the evolving molecular alignment. Figures 1(d)-(f) show cross sections of the LC director alignment (dark lines) and of the scalar order parameter (gray-scale mapping) with no applied electric field in three different cavity geometries. The alignment of the LC director is perpendicular to the surface on the lower, micro-patterned surface (homeotropic alignment) and parallel to the x (rubbing) direction on the top surface (planar alignment). In all simulations the liquid crystal has a negative dielectric susceptibility, with parameters ξ 2 0 = 1.6 × 10 −3 , ϑ = −0.36, χ a = −0.02. It is worth noting that the alignment in Fig. 1(f) closely resembles the symmetry breaking of 'hedgehog' defects, previously found in spherical droplets [20] (see Fig. 1(b) ). Figure 3 illustrates an example of the effect of the applied electro-static field on the director configuration at two specific applied voltages. The images in Fig. 3(a) ,(c) are slices taken just below the rim of the spherical mirror, whereas Fig. 3(b) ,(d) shows cross sections along xz and yz planes.
At low applied field, the molecules continuously bend and twist from the bottom surface homeotropic alignment to the top surface planar alignment. As the applied field is increased, the molecules experience a torque that tends to align them orthogonally to the field lines and parallel to the rubbing direction. The scalar order parameter is also affected by the applied electric field: at low field intensity there is a reduction in the degree of molecular alignment in a ring around the top of the cavity, i.e., the order parameter S is locally reduced at the rim (darker area in Fig. 3(a) ). At a critical applied field, a defect starts to form on the circumference at the location, where the bending of the liquid crystal is highest. As the field is increased further, this defect moves down inside the cavity, eventually resting at the bottom of the cavity (Fig. 3(d) ). From a comparison of Figs. 3(b) and (d) it can be seen that the final configuration mixes aspects of both hedgehog and planar alignments of Fig. 1(a),(b) . Our simulations thus indicate that the formation and control of defects can be achieved by combining a high curvature surface and a microcavity geometry.
Experimental and numerical birefringence patterns from planar-spherical cells
The study of LC alignment through its birefringence effects on polarized light [21] is a very effective experimental technique. A sensitive "polarization signature" is carried by light rays after their multiple bounces inside the spherical metallic cavity, as shown in Fig. 2(h) Fig. 2(i) , when viewed through crossed polarizers and taken at high magnification ( Fig. 2(e),(f) ). Essentially only light with polarization either parallel or orthogonal to the spherical surface is unaffected by the geometric rotation and thus appears dark in cross polarizers, giving a four-lobed symmetry [19] .
In our experiments the LC cells have, essentially, a substrate composed of arrays of the Au micromirrors and an ITO-coated glass plate on top (Fig. 1(e) ). The top surface is prepared as for a hybrid cell: the ITO is coated with an ultra-thin layer of polyimide and mechanically rubbed in one direction (x) to create a surface that aligns the LC with a pre-tilt angle of less than 5 • . Similarly, the micromirror surface is treated with a surfactant [24] to produce homeotropic LC alignment. Latex spacers maintain a uniform cavity with a distance between the flat Au (outside the micromirrors) and the top ITO of 10µm. In our present investigation, we used a negative dielectric susceptibility liquid crystal (Merck MLC-6608, birefringence ∆n= 0.083) to fill the cells by standard LC cell preparation procedures. Separately contacting the ITO and Au to a frequency source allows 1kHz AC electric fields, F ac , to be applied across the cell. Summarizing, our LC cells have a geometry tunable from hybrid flat to spherical void which can be addressed with an external electrical field.
Once the cell is filled, the four-lobed reflection seen under cross-polarization persists (Fig. 4(a),(c) ), providing that the incident optical field is polarized along or across the rubbing direction, i.e., along the x and y-axis respectively. As the electric field is increased the four-lobed pattern evolves gradually to a two-lobed pattern (Fig. 4(b),(d) ) which persists up to 5V. The extra rotation of the polarization induced by the re-orientation of the LC only affects rays that reflect inside the micromirror in the direction perpendicular to the rubbing direction, while the beam bouncing along the rubbing direction remains unaltered. This contrasting behavior is independent of whether the polarization of the incident beam is along or across the rubbing direction.
To compare more carefully with the theoretical simulations, we measured under crosspolarizers the intensity of the rays back-reflected after two bounces (Fig. 2(g),(h) ) as a function of the azimuthal angle φ relative to the rubbing direction, for F ac =0-5V (Fig. 4(e) ). To obtain the corresponding theoretical curve, we tracked the two-bounce optical rays through the LC cell, accumulating the polarization rotation from birefringence along these paths (Fig. 4(f) ). We assumed that the induced LC birefringence does not significantly perturb the ray directions from those of an empty cavity. This model, although approximate, gives results in qualitative agreement with the experimental data: the theoretical and experimental azimuthal traces show many similar features, including the reduction from 4-fold to 2-fold symmetry when the applied field is increased. More in-depth modeling will be the focus of future work.
We can glean an understanding of the polarization pattern observed at high applied voltage by looking at Fig. 3 . An empty cell illuminated with linearly polarized light has four-fold symmetry, as illustrated in the intensity pattern of Fig. 2(e),(f) . A filled cell has lower symmetry: the bulk part of the cell (the rectangular regions in Fig. 3(b) ,(d) is symmetric just with respect to reflection along the x-axis, while, at low applied voltage, the spherical part of the cell has axial symmetry ( Fig. 3(a) ). The end result of the competition between these two symmetries is an intensity pattern with four-fold symmetry (Fig. 4(a),(c) ) very similar to that observed in an empty cavity. When the intensity of the applied electric field is increased, a defect appears at the bottom of the spherical mirror; it removes the axial symmetry of the spherical cavity and replaces it with a symmetry with respect to the x-axis only (Fig. 3(c) ). This loss of symmetry affects also the reflected light intensity, whose symmetry decreases from four-fold to two-fold ( Fig. 4(b) ,(d)).
Experimental measurement of the defect switching times
To identify the role of geometry on the dynamics of the defects, we have experimentally measured the threshold and dynamics in LC microcavities and in flat cells (Fig. 5) . Although the voltage threshold for field-induced molecular realignment is virtually unaffected, we observe very different dynamics. When the applied 1kHz AC field is turned on, both cells show a rise time which reduces as the amplitude increases ( Fig. 5(b) ). However, when the field is removed, the cells recover their initial state very differently, with fall times up to 10 times faster in the microcavity. In the flat cell, the further the molecules have been reoriented, the slower their recovery is (it more than doubles to 250ms). In the spherical microcavity, the further the defect has been displaced into the dish, the faster it subsequently moves back (halving to 25ms). This reflects the strong influence that the geometrical constraints have on the liquid crystal alignment inside the spherical cavity, a phenomenon that has striking similarities to the wall effect studied theoretically in [25] . Previous studies of response time in infiltrated opals (giving uncontrolled defects) suggested that a faster response was due to LC domain interconnectivity [10] . However, in our case there is only one defect per microcavity and, therefore, this explanation cannot apply. A more detailed theoretical modeling of the motion of the defects and of their dynamics will be the focus of future work.
Conclusions
In summary, we have used optical geometries that allow us to study the changes in a single defect, combining features of both plane and spherical LC cells. We have demonstrated theoretically and confirmed experimentally, that molecular alignment in 3D micro-geometries can lead to controllable, localized LC defects, which can be initiated and displaced by applied fields. These promising results are of great importance and relevance to a whole range of applications such as integrated modulators, as well as active photonic crystals (both 2D and 3D).
